Hereditary neuropathies (HN) are among the most common inherited neurologic diseases, with a prevalence of 1 in 2,500 individuals.
1,2 They encompass a clinically heterogeneous set of disorders and vary greatly in severity, spanning a spectrum from mildly symptomatic forms to those resulting in severe disability. The most common form of HN, Charcot-MarieTooth disease (CMT; also called hereditary motor and sensory neuropathy [HMSN] ), manifests with slowly progressive muscle weakness and sensory loss-with symptoms emerging in a length-dependent fashion. There are also motor and sensory predominant forms of HN, referred to as hereditary motor neuropathy (HMN) and hereditary sensory neuropathy (HSN), respectively. These diseases can be viewed along a spectrum of motor and sensory involvement, from purely motor and motor predominant (HMN) neuropathies, through motor and sensory (CMT) neuropathies, to sensory predominant and pure sensory (HSN) neuropathies; for simplicity, we designate all diseases along the spectrum as "CMT and related disorders." In addition to the sensory or motor or both symptoms, patients with HN often develop foot deformities including pes cavus and pes planus, as well as other musculoskeletal complications such as scoliosis and hip dysplasia.
Select forms of HN also involve cranial nerves and respiratory function. Nevertheless, in the majority of patients with HN there is no shortening of life expectancy. Historically, hereditary neuropathies have been classified based on the primary site of nerve pathology (myelin vs. axon) and the inheritance pattern (autosomal dominant, recessive, or X-linked). The distinction between demyelinating and axonal forms is defined by motor nerve conduction velocities (CV) in the upper extremities. Demyelinating forms of HN are those with median motor nerve CVs below 38 m/s, whereas in axonal forms CVs are greater than 38 m/s. 3 In recent years, it has become increasingly recognized that certain mutations are associated with CV slowing to an intermediate range m/s); hence, "intermediateto pressure palsies (HNPP), hereditary motor neuropathy (HMN), and hereditary sensory neuropathy (HSN). A letter designation follows the subtype representing the specific gene abnormality; for example, CMT1A refers to autosomal dominant CMT1 due to a duplication of the PMP22 gene (►Table 1). The classification is complex and constantly evolving and not everyone agrees with the classification above, especially with regards to CMT4, where some prefer to use CMT4 for all autosomal recessive forms of CMT (demyelinating and axonal).
Since the discovery of the first CMT gene (PMP-22) over two decades ago, the field of HN has witnessed an explosion of gene discovery that has been facilitated by the development of advanced diagnostic techniques including nextgeneration sequencing. At this time, over 80 causative genes have been identified. 6 Despite this, large studies from neuromuscular centers have shown that a genetic diagnosis is being achieved in only 54% to 67% of patients. 5, 7, 8 Among the known forms of hereditary neuropathy, demyelinating forms are more common, with axonal forms comprising only 25% to 30% of all HN. 5, 9 More causative genes have also been identified for demyelinating HNs, and the diagnostic yield is therefore higher in these patients.
5,7,8
The increasing ease of genetic testing and the growing number of identified mutations has improved the accuracy of diagnosis of patients with HN, but has also expanded the complexity of the diagnostic process. It has become apparent that there is marked heterogeneity in the clinical phenotypes associated with individual genes, even within single families. Mutations in the myelin protein zero gene, for example, can result in a severe, childhood-onset, demyelinating neuropathy or a mild adult-onset axonal neuropathy. 10 Mutations in a single gene can also result in either dominantly or recessively inherited disease, as exemplified by the GDAP1 mutation.
11
Newly discovered genes have also shed light on the extensive overlap of disease categories previously thought to be distinct, particularly with regard to CMT and hereditary spastic paraparesis (HSP). Mutations in the KIF5A gene, for example, can manifest as CMT2 or HSP.
12
Mutated proteins in HN appear to be involved in common molecular pathways including maintenance of Schwann cell cytoskeleton, myelin assembly, axonal transport, transcription and mRNA processing, maintenance of channel functions, mitochondrial function, and protein translation (►Fig. 1). 13, 14 One way to classify HN in the future may be through the lens of specific pathophysiologic mechanisms that underlie the pathology of the Schwann cell or axon or both. 14 This will be particularly relevant if treatments can be developed that in some way target common pathophysiologic mechanisms that cause the disease phenotypes rather than by attempting to focus treatment all the way upstream on scores of mutations in the many individual genes associated with HN. Here we will review the clinical presentations and pathogenesis of the most common forms of CMT and address the evolving diagnostic approaches to HN in the face of rapid genetic advances.
Clinical Diagnosis of Hereditary Neuropathy The History
Making a diagnosis of HN is straightforward in a patient who presents with a slowly progressive polyneuropathy and a known family history of the disease. However, many patients present as adults without a known family history. This can be due to unrecognized cases in the family, de novo mutations or autosomal recessive cases. In the United States and north European populations, de novo mutations are a well-described cause of so-called sporadic cases in both CMT1 (e.g., some mutations in PMP22 and MPZ) and in CMT2 (e.g., CMT2A due to some MFN2 mutations), whereas in countries or ethnic groups with a high rate of consanguinity, such cases may be due to autosomal recessive inheritance. The clinical history in patients with suspected HN should include detailed questions regarding the first two decades of life, including timing of early milestones, ability to keep up with other children in races, history of ankle sprains or surgeries, and the need for special shoes or orthotics. Patients often recall having instability of the ankles and difficulty fitting shoes long before symptoms of muscle weakness or gait abnormality emerge. These early symptoms, while extremely common, are not universal, as some forms of HN (especially some axonal forms) remain asymptomatic until the sixth decade.
In contrast to acquired peripheral neuropathies, HN is generally associated with few "positive" sensory symptoms such as burning or paresthesias. Pain is common, but is usually related to musculoskeletal complications. Certain forms of HN, particularly those related to SPTLC1, GJB1, and MPZ genes, can be associated with significant neuropathic pain, and these symptoms should not dissuade one from considering a genetic etiology.
A careful family history, including at least three generations, should be obtained and the possibility of consanguinity assessed. It is also important to consider ethnicity and geography, as AD and de novo mutations are known to be more common in the United States and in northern Europe, whereas in regions with a high rate of consanguinity, AR disease accounts for up to 50% of HN. 15, 16 The presence of male-to-male transmission excludes the possibility of X-linked disease, and pure maternal inheritance may point to one of the rare mitochondrial-encoded genes associated with HN.
17

The Examination
Gait is almost always abnormal in CMT, and is most commonly the high stepping gait that results from bilateral foot drop. Cranial nerve examination is usually normal in CMT, but pupillary abnormalities are sometimes seen (most commonly with MPZ mutations). The presence of ptosis might suggest mitochondrial disease, 18 and deafness can be seen with specific mutations (e.g., NDRG1) or when CMT is severe. Hoarseness can be a clue to vocal cord involvement, and in severe forms of CMT (notably those related to MTMR2 mutations) facial weakness and dysphagia can occur. 19 The motor examination involves a careful survey of the distribution of muscle weakness and atrophy. Although common forms of HN manifest with wasting of the anterior compartment of the leg and foot dorsiflexion weakness, motor predominant forms can begin with posterior calf wasting, plantar flexion weakness and "knee bobbing." 20, 21 Sensory examination will often uncover deficits of which the patient is unaware. Superficial sensory nerves such as the radial or great auricular nerve can be palpated to assess for nerve enlargement, a heralding feature of longstanding myelin breakdown and repair. Reflexes are generally absent or attenuated in HN; however, with certain axonal and motor-predominant forms (MFN2 and HSPB1 mutations), lower extremity reflexes can be preserved or even heightened. The presence of marked hyperreflexia, however, should lead one to consider alternative diagnoses such as HSP. The presence of cerebellar ataxia broadens the differential diagnosis to include spinocerebellar ataxia and related conditions (Friedreich ataxia and autosomal recessive spinocerebellar ataxia of Charlevoix-Saguenay [ARSACS]). Finally, evaluation should include a musculoskeletal examination with attention to foot deformities (pes cavus/planus, hammer toes, Achilles tendon tightness), scoliosis, and scapular winging, as well as a careful general medical examination for diagnostic clues (e.g., curly hair in giant axonal neuropathy).
Electrophysiology
Axonal and demyelinating forms of HN are indistinguishable on clinical grounds alone, making electrophysiology an essential part of the evaluation. In addition, nerve conduction studies (NCSs) allow the examiner to distinguish sensory motor neuropathies from pure sensory and pure motor forms of CMT. If demyelination is present, it is important to distinguish uniform findings from those with a patchy or asymmetric distribution and to assess for other features of "acquired" demyelination including partial conduction block and temporal dispersion. It is becoming increasingly recognized, however, that electrophysiological features previously associated with acquired neuropathies (i.e., chronic inflammatory demyelinating polyneuropathy [CIDP]) can also occur with certain forms of HN (►Table 2). [22] [23] [24] It is therefore important to consider these diagnoses, and Charcot-Marie-Tooth disease type X (CMTX) in particular given its prevalence, in patients with CIDP who show little improvement with immunotherapy.
The severity of clinical symptoms in HN correlates best with the degree of axonal loss rather than demyelination as seen on NCS. CMT1A patients with markedly slowed motor 
Magnetic Resonance Imaging
Magnetic resonance imaging of the lower limbs (calf and thigh muscles) is increasingly used as a diagnostic tool in hereditary myopathies, and although not in routine use yet in HN patients, the patterns of muscle involvement in patients correspond both to the clinical examination and the EMG and may in the future be used as an early marker for disease and to monitor therapies.
CMT Neuropathy Score (CMTNS)
The CMT Neuropathy Score (CMTNS) is a 36-point composite score based on patients' symptoms, signs, and neurophysiology that was developed in an effort to standardize the evaluation of patients with HN. Based on the CMTNS, patients can be classified as having mild, moderate, or severe disease (CMTNS scores of <10, 11-20, or >20, respectively).
25-27
Differential Diagnosis and the Need for Additional Diagnostic Studies
The most important alternative diagnosis to consider when evaluating a patient for HN is that of an immunomediated, and therefore treatable, neuropathy. In the appropriate clinical context (rapid symptom progression with "acquired" features on NCS, lack of clear childhood symptoms or family history), a cerebrospinal fluid (CSF) examination, lumbar spine MRI to evaluate for nerve root enhancement, and (in select cases) a nerve biopsy should be performed. The findings must be interpreted cautiously, however, as both modest elevations in CSF protein and nerve root thickening have been reported in patients with HN. 23, 28, 29 It is important to note that pes cavus can be seen in conditions other than HN, including acquired neuropathy, myelopathy, and in the absence of either peripheral or central nervous system pathology. In daily practice, the most useful tool in differentiating HN from acquired neuropathies is a careful history.
Genetic Testing
Genetic testing for CMT and many other neurologic conditions has traditionally involved sequential testing of individual genes using Sanger sequencing. This approach involves sequencing the most promising candidate gene after careful phenotyping, and if negative the next most likely candidate is tested. Using this approach, large studies from neuromuscular centers have shown that a genetic diagnosis is being achieved in 54% to 67% of patients. 5, 7, 8 Although there are over 80 potential causative genes, it is important to recognize that over 90% of identified mutations in HN have repeatedly been shown to involve one of only four genes: PMP-22, GJB1, MPZ, and MFN2, with mutations in PMP-22 being by far the most common.
5,7,8,30
The advent of multiple parallel or next-generation sequencing (NGS) has transformed the approach to genetic testing in CMT. 24 The technology allows the mass sequencing of a selection of genes (panels), the exome (containing only the protein-encoding sequences), or the whole genome in a matter of days. There is a compromise, however, whereby for a given cost, either a select, usually disease-specific number of genes can be screened with good coverage (depth) or a large number of genes (e.g., a whole exome) can be screened but with less depth, so that the chance of missing a pathogenic mutation increases. Currently, the most common method employed is to screen for mutations in patients with CMT and related disorders using targeted panels, except in the case of CMT1 in which testing for the 17p duplication is done first as it is cheap and the hit rate is high. Furthermore, a current disadvantage of NGS is that it is currently unable to reliably detect large exonic duplications and deletions, such as the 17p duplication and deletion seen in CMT1A and HNPP, respectively. Next-generation sequencing is a rapidly advancing field, however, and it is likely that as the technology advances and the cost falls, whole exome (and eventually whole genome) sequencing will replace disease-specific panels.
The major challenge in diagnostic practice with the use of NGS techniques is determining if a mutation is pathogenic. It is estimated that the average individual carries 400 potentially pathogenic variants in their exome; using a CMT diagnostic panel encompassing up to 50 genes, it is usual to find several potentially pathogenic variants in more than one gene. 31 Determining which mutation is the causative one requires several approaches. First, it is important to determine whether the patient's phenotype fits with what has already been described for the gene. If a mutation has previously been published for the patient's phenotype then this often (but not always) provides further evidence for the pathogenicity of a mutation. The caveat to this is that many published genes and mutations have only been described in single families and doubt therefore remains as to their true pathogenicity. With NGS, we are also seeing CMT caused by genes that traditionally cause a different phenotype, for example, Atlastin 1 causing HSN rather than hereditary spastic paraparesis, so the broadening phenotypes seen with different genes needs to be kept in mind.
Second, it is important to determine whether the mutation segregates with the disease. This requires that both affected and unaffected family members be examined with neurophysiology and DNA testing. As some forms of axonal neuropathy may manifest after the fifth decade, care must be taken in labeling a family member as unaffected.
Third, several useful predictive programs are freely available online (e.g., Sibyl, PON-P2, Predict SNP, META-SNP) that aim to predict the pathogenicity of a missense mutation. Although these programs can be helpful, it is worth remembering that for many known pathogenic mutations some of these programs have failed to predict pathogenicity. Other tools can be used to both investigate whether the substituted amino acid is conserved across species, as mutations in amino acids that are not conserved are less likely to be pathogenic, (http://genetics.bwh.harvard.edu/pph2/) and to search for novel mutations on public databases of single nucleotide polymorphisms (e.g., dbSNP and the exome variant server), which will reveal whether the novel variant is present in "healthy controls." The increasing information about polymorphisms in different ethnic groups being gained from NGS will greatly help in determining if a mutation is pathogenic in the future.
Neuropathies Related to Peripheral Myelin Protein 22 (PMP-22) Gene Mutations Duplications in PMP-22
CMT1A is the most common form of HN, accounting for 50% to 60% of all genetically confirmed HNs and 60% to 80% of all cases of CMT1. 5, 7, 8, 13, 30 It is an AD disease, so there is commonly a positive family history; however, de novo mutations are reported. 32 As demonstrated in Case 1 below, the disease manifests as the classic CMT phenotype of slowly progressive, length-dependent weakness and sensory loss, which is often but not always accompanied by pes cavus. Patients usually walk on time and become aware of symptoms in early childhood. They are likely to seek medical care between the first and third decade, when increasing ankle weakness, gait difficulty, and pain related to foot deformities set in. 33 Examination is notable for loss of muscle bulk and weakness of the anterior > posterior compartment of the leg and the intrinsic hand muscles. Length-dependent sensory loss is usually present, starting with loss of pinprick and vibration, but ultimately involving all modalities. 33 Reflexes are attenuated or absent. Minor asymmetries on examination have been reported in up to 20% of patients with CMT1A.
34
Hip dysplasia is more common than with other forms of CMT, and X-rays should be obtained to screen for this. 35 Electrophysiology in CMT1A invariably reveals marked, uniform slowing of the motor CV (<38 m/s) and reduced motor and sensory amplitudes in a length-dependent pattern. Nerve biopsy, which is no longer employed for diagnosis, shows onion bulbs, the hallmark findings of chronic peripheral nerve demyelination (►Fig. 2).
On average, patients with CMT1A experience a mild-tomoderate degree of disability, often requiring ankle-foot orthotics and sometimes foot surgery, but rarely relying on a wheelchair. 6 Lifespan is usually not affected. Commensurate with this, CMTNS of 13.2 to 14.6 have been reported in large patient cohorts. 7, 36 Rarely, the disease presents with a severe phenotype, historically referred to as "Dejerine Sottas disease," with profound slowing of motor CVs (<10 m/s) and onset in infancy with delayed ambulation. Significant interfamilial phenotypic variability has been observed in CMT1A, suggesting that environmental factors and genetic modifiers may be influencing disease severity. CMT1A results from a 1.4 million base pair duplication on chromosome 17p11.2 containing the PMP-22 gene.
6
PMP-22 is a membrane glycoprotein that accounts for 5% of myelin sheath protein and plays an important role in the synthesis and assembly of myelin. 6, 14 The functional role of the protein and mechanism by which abnormal copy numbers result in disease is not fully understood. Several potential mechanisms include the formation of abnormal aggregates by the mutated protein, abnormal interactions with myelin protein zero (another myelin protein) resulting in instability of the myelin sheath, and the blocking of wild type PMP-22 transport to the cell membrane by mutant protein.
14,37,38
Given the prevalence of CMT1A, much of the therapeutic investigation in HN has been focused on reducing expression of PMP-22. The discovery that ascorbic acid (AA) lowers PMP-22 expression in transgenic mouse models and improves the phenotype motivated several large clinical trials evaluating varying doses of AA in CMT1A patients over a 2-year period. Unfortunately, the trials failed to demonstrate any clinical benefit.
36,39-41 Other potential therapies are under investigation in preclinical models at present.
Case 1
An 18-year-old woman presented to a neuromuscular clinic with gait difficulty and foot pain. As a child, she walked on time, but was always last in school races and had high arched feet. In adolescence, she experienced frequent ankle sprains and suffered from hip, knee, and foot pain. She was no longer able to run and noted that her hands fatigued during school examinations. The patient's sister, father, and grandfather had similar symptoms. Examination revealed a mildly unsteady, steppage gait and an inability to walk on the heels. She had wasting of the intrinsic hand muscles and from the midthigh down, pes cavus, tightness of the Achilles tendons, and mild scoliosis (►Fig. 3). Motor testing was notable for MRC grade ⅘ weakness of the intrinsic hand muscles, ⅖ foot dorsiflexion, and ⅘ foot eversion. Foot inversion was strong. Sensory examination revealed length dependent loss to all modalities. The patient was areflexic and plantar responses were flexor (►Table 3).
Given the presence of a likely AD pattern of inheritance (male-to-male transmission excludes the possibility of X-linked disease in this case) and uniform CV slowing on NCS, genetic testing for the PMP-22 duplication was obtained and was positive.
Deletions in PMP-22
Interestingly, deletions of the same 1.4 million base pair on chromosome 17p11.2, which is duplicated in CMT1A, result in a different clinical phenotype referred to as hereditary neuropathy with liability to pressure palsy (HNPP). 42 Patients with HNPP develop recurrent mononeuropathies at common sites of compression following minimal injury. Often, there is a spontaneous recovery; however, over time the deficits can accumulate, and a length-dependent neuropathy can develop. Cranial neuropathies and brachial plexopathy also occur, but are infrequent. Electrophysiology is extremely helpful in the diagnosis of HNPP and reveals classic findings of CV slowing and conduction block at multiple entrapment sites, which may be largely asymptomatic to the patient. Reduced sensory amplitudes may reveal the presence of a mild generalized sensory polyneuropathy. Commonly involved are the median, peroneal, ulnar, and radial nerves, and prolongation of the peroneal and median distal motor latencies is almost universal. [43] [44] [45] Nerve biopsy in HNPP demonstrates focal areas of folded myelin sheath, referred to as tomacula. These structures are unstable and are thought to contribute to the pathogenesis of HNPP.
14 It is important to counsel patients with HNPP on ways to avoid nerve compression. Patients are particularly at risk during times of decreased awareness, such as while intoxicated or undergoing general anesthesia. The role of surgery for compressive neuropathies in HNPP remains unclear, and emphasis should be placed on preventing injury. 46 
Point Mutations in PMP-22
Point mutations in PMP-22 also give rise to neuropathy (CMT1E), which can result in variable phenotypes including "classic" CMT, severe CMT with onset in infancy, and (in rare cases) a phenotype resembling HNPP (when the mutation causes a loss of function). Deafness has also been associated with select mutations. Overall, point mutations in the gene are far less common than either the PMP-22 duplication or deletion, accounting for less than 5% of PMP-22-related neuropathies. 47 
Neuropathies Related to Myelin Protein Zero (MPZ) Gene Mutations
Mutations in the MPZ gene (chromosome 1.q22-23) account for approximately 5% of all HNs. Patients can present with one of three clinical phenotypes: a severe, early-onset demyelinating neuropathy, the classic CMT phenotype resembling CMT1A (least common), and a milder adult-onset neuropathy with axonal or intermediate conduction velocities. 10, 48 Other clinical features include tonic pupils, associated specifically with mutations resulting in axonal neuropathy, and tremor, though the latter is a relatively common feature in many forms of CMT. 49 On average, MPZ-associated neuropathies cause a moderate degree of disability (CMTNS of 13.4 in a recent multicenter analysis of 42 patients).
7
The MPZ protein is a member of the immunoglobulin supergene family and makes up to 50% of the myelin found in the peripheral nervous system. It functions as an adhesion molecule, holding together the myelin membrane and allowing for myelin compaction. 
10
One of the main mechanisms by which mutations in MPZ are thought to cause disease involves the retention of mutated protein in the endoplasmic reticulum (ER) of Schwann cells. The retention of misfolded protein results in ER stress and activates the unfolded protein response (UPR). Unfolded protein response activation in turn causes the downregulation of protein synthesis with reduced myelination, and in more extreme cases, Schwann cell apoptosis. 14, 52 Importantly, retention of mutated protein in the ER is not specific to MPZ, but has also been demonstrated with many point mutations in PMP22 (CMT1E) and GJB1 (CMTX). 53, 54 Defining the role of UPR activation in CMT has led to a therapeutic strategy using Sarcoplasmic/ endoplasmic reticulum calcium pump (SERCA) inhibitors, which are known to facilitate the release of misfolded protein from the ER. 55, 56 A study of curcumin (a low affinity SERCA inhibitor) in mouse models of CMT1B, has demonstrated clinical, electrophysiological, and pathological improvement of neuropathy. 57 This work has motivated the clinical investigation of curcumin as a potential treatment for select forms of CMT in humans.
Case 2
A 5-year-old girl was evaluated at a neuromuscular center for gait difficulty and falls. She did not walk until age 2 and was never able to run. She had high arched feet, requiring special shoes. No family history of neuropathy was reported. Examination revealed a wide-based, steppage gait, with a tendency to invert the right foot. The patient could not rise on the heels or walk on the toes. There was wasting of the intrinsic hand muscles and the muscles of the anterior and posterior compartments of the legs. She had pes cavus, hammer toes, and notable tightness of the Achilles tendons. Motor testing revealed weakness of thumb and finger abduction and adduction, (MRC grade ⅘ APB and FDI), and of ankle dorsiflexion > plantarflexion (MRC grade ⅖ tibialis anterior and ⅘ gastrocnemius, respectively). Pin and vibration perception were reduced distal to the knees and wrists and proprioception was reduced at the toes and ankles. The patient was areflexic (►Table 4). Based on the history of delayed walking, and the presence of severe demyelinating sensory motor polyneuropathy, genetic testing for MPZ was obtained and was positive.
Neuropathies Related to GJB1 Gene Mutations
Mutations in GJB1 (chromosome X13.1) give rise to CMTX1, the second most common form of HN, affecting 15% of patients with CMT.
14 Male patients have a more severe form of the disease; however, females are also usually affected and the disease is therefore considered to be X-linked dominant. Men with CMTX1 commonly present in the beginning of the second decade with progressive muscle weakness, varying degrees of sensory involvement and areflexia. 58 Up to 20% of patients have a later disease onset. 59,60 Disability tends to be in the moderate range, with reported CMTNS ranging from 11 to 16.
7,61
A distinguishing clinical feature of CMTX1 is the often disproportionate involvement of the APB as compared with the FDI muscle, a finding referred to as "split hand syndrome." Neuropathic pain in CMTX1 is also common, 66 Identified mutations in CMTX1 are therefore very likely to be disease-causing as opposed to benign variants. Similarly to PMP-22 and MPZ, select mutations in the GJB1 are known to result in abnormal accumulations of misfolded protein in the ER with subsequent activation of the (UPR). Although both Schwann cells and oligodendrocytes express GJB1, peripheral neuropathy is most often the sole manifestation of the disease, an outcome that is thought to stem from the protective role of other connexins found in oligodendrocytes.
58,71
Case 3
An 18-year-old man presented to neuromuscular clinic with hand clumsiness and difficulty writing. An as an infant he met his milestones on time. He was always a slow runner, however, fell frequently and required insoles for his shoes at age 7. In his teenage years he developed pain in both feet and cramping in the leg muscles. He denied sensory symptoms. Family history was notable for neuropathy in the patient's sister, mother, maternal grandfather, and maternal aunt. On examination, he had a steppage gait and could not stand on his heels. There was prominent wasting of the intrinsic hand muscles and of the legs below the level of the knees (►Fig. 4). He had pes cavus and hammer toes, and foot calluses were noted bilaterally. The intrinsic hand muscles, and abductor pollicis brevis muscle in particular, were weak (MRC grade ⅗ at APB, ⅘ at FDI and ADM), as was foot dorsiflexion (⅘). Sensory examination revealed loss of pin perception distal to the midfoot bilaterally as well as absent vibratory perception below the ankles. Proprioception was spared. The patient was areflexic and plantar responses were flexor (►Table 5).
The pronounced hand weakness with disproportionate involvement of the APB muscle, patchy CV slowing in the intermediate range, and the absence of male-to-male transmission, all suggested the presence of a GJB1 mutation, which was confirmed. (The majority of patients with intermediate CV are known to harbor mutations in either the GJB1 or MPZ gene (53% and 28% in one series).
Neuropathies Related to MFN2 Gene Mutations
Mutations in the MFN2 gene (chromosome 1p36) give rise to CMT2A, the most common form of AD axonal CMT, and account for 30% of all CMT2 cases. 5, 7, 8, 13 Twenty percent of mutations in MFN2 are de novo. 13 Patients usually present in the first decade of life with a classical CMT phenotype. Progression tends to be more rapid than that seen in other forms of CMT, however, with up to one-third of patients developing proximal weakness, and many patients requiring a wheelchair by young adulthood. 73, 74 Average CMTNS of 13 to 20 have been reported, with significantly higher scores in patients presenting by 10 years of age. 7, 73, 74 Like many of the HNs, MFN2-related neuropathy is clinically heterogeneous and milder forms do exist. In contrast to CMT1A, some patients with MFN2 mutations experience a marked loss of proprioception early in the disease course. 74 Asymmetrical presentations, while infrequent, have also been described. 73 In addition to the sensory and motor form of HN, mutations in MFN2 can give rise to a pure motor neuropathy (HMN). Both the CMT2 and HMN presentations can occur in the same family, and genotypephenotype correlations do not appear clear cut, as the same mutations are known to cause both the pure motor and sensory motor forms of the disease.
73,74
Additional clinical features in CMT2A can include optic atrophy, hearing loss, vocal cord paralysis, and diaphragmatic weakness (particularly with advanced disease). Although most patients with optic atrophy develop this finding early in life, late-onset optic neuropathy (up to the sixth decade) has also been reported. Similarly, auditory involvement is not clearly correlated with disease severity. [73] [74] [75] Central nervous system involvement can occur in CMT2A, as evidenced by preserved or paradoxically heightened deep tendon reflexes on examination. Atrophy of the spinal cord with or without hydromyelia, as well as periventricular, brainstem, and cerebellar white matter changes have also been reported on MRI.
73,75-78
MFN2 is a nuclear-encoded mitochondrial GTPase located on the outer membrane of mitochondria.
14,79 The protein is necessary for effective mitochondrial fusion, which is a prerequisite for mitochondrial transport. 52, [79] [80] [81] In addition to disrupting fusion, mutations in MFN2 are believed to interfere with axonal transport, which is critical to the maintenance of peripheral sensory and motor neurons with their long axon extensions. 14,82 Interestingly, there is another mitofusin (MFN1), which is also located on the outer mitochondrial membrane. Upregulation of MFN1 expression in animal models has successfully promoted mitochondrial fusion, suggesting that this protein may be a therapeutic target in CMT2A.
83
The interpretation of genetic testing results in patients with suspected CMT2A can be particularly challenging due to a large number of polymorphisms. It should be considered that the majority of pathogenic mutations are found in the region of the molecule responsible for inducing fusion, as well as in domains required to make connections between the mitochondria and the ER. These regions include the GTPase, coiled-coil, and R3 portion domains of the gene.
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Autosomal Recessive Forms of CMT
The AR forms of hereditary neuropathy are rare, comprising less than 10% of all CMT cases, but are more prevalent in communities with high rates of consanguinity. 13, 84 Patients with these conditions usually present in childhood and may experience a more rapid progression of symptoms, with loss of ambulation occurring by the third decade of life in many patients. 13 The neuropathies also tend to be phenotypically complex with more bulbar weakness, respiratory involvement, and severe musculoskeletal deformities than is seen in the dominant forms.
The most common AR neuropathies in northern Europe and North America are those resulting from mutations in the SH3TC2 gene (chromosome 5q32, CMT4C). Patients present with a severe, early-onset, demyelinating sensory motor neuropathy, which is often associated with severe kyphoscoliosis, a distinguishing feature of the disease. The SH3TC2 protein is involved in the trafficking of membrane components believed important for normal myelination; however, the exact mechanism of the neuropathy is unknown.
6,85
The majority of mutations in the GDAP1 gene also result in AR disease, though rare AD forms also exist. Motor CVs can be in the demyelinating, axonal, or intermediate range. The demyelinating form is severe and can be associated with diaphragmatic weakness and vocal cord involvement. In contrast, the rare axonal forms tend to result in milder severity and later-onset disease.
86 GDAP1 is a nuclear-encoded protein that is expressed in the mitochondria of both neurons and Schwann cells, perhaps explaining its role in both axonal and demyelinating neuropathy. 86 Like the MFN2 protein, it is located on the outer membrane of mitochondria; however, in contrast to MFN2, the protein is thought to promote fission rather than fusion of mitochondria.
6
Sensory Predominant Forms of Hereditary Neuropathy
Hereditary sensory neuropathy (also referred to as hereditary sensory and autonomic neuropathy) comprises a rare set of heterogeneous diseases in which sensory loss is a prominent feature. The most common of these disorders is hereditary sensory and autonomic neuropathy type I (HSAN1), which results from mutations in the SPTLC1 and SPTLC2 genes. 22, 87, 88 Patients commonly present in the second or third decade, though symptom onset is highly variable. The neuropathy is characterized by dissociated sensory loss with pain and temperature affected more so than vibration and joint position sense. 22, 89, 90 Despite its name, HSAN1 has little autonomic involvement, but often has significant motor weakness especially later in the disease course and particularly in male patients. 22, 89, 90 Positive sensory symptoms such as lancinating pains are also common. The most striking feature of the disease is the propensity toward severe skin ulceration (►Fig. 5), which may result in the need for limb amputation. 22, 90, 91 Electrophysiology in HSAN1 most often discloses an axonal sensory motor neuropathy; however, demyelinating features have also been described.
22
The SPLTC1 and SPTLC2 genes (chromosome 9q22.1-22.3), encode two of the three subunits of the enzyme serine palmitoyltransferase (SPT). SPT catalyzes the condensation of L-serine and palmitoyl-CoA, in the first step toward sphingolipid formation. Mutations in SPT alter the selectivity of the enzyme, giving rise to two atypical (and potentially toxic) deoxysphingoid lipids. 92, 93 It has been shown that supplementation with high doses of the enzyme's normal substrate, L-serine, shifts the pathway away from the formation of the atypical sphingolipids, 94 and improves both sensory and motor function in a mouse model of HSAN1. 94 Interestingly, the increased level of atypical sphingolipids has also been observed in diabetes, potentially implicating this pathway in diabetic neuropathy, which closely resembles HSAN1.
95,96
Motor Predominant Forms of Hereditary Neuropathy
The distal hereditary motor neuropathies (dHMN) encompass a heterogeneous set of disorders, which manifest with slowly progressive, length-dependent motor weakness and atrophy. Upper motor neuron signs and mild sensory involvement can also be seen, and there is notable overlap between these conditions and axonal forms of CMT (CMT2), spinal muscular atrophy (SMA), and HSP. 20 The yield of genetic testing in dHMN is currently low, as 80% of patients have mutations in genes that have not yet been identified.
20
Causative genes in dHMN include HSPB1 and HSPB8. Patients harboring mutations in these genes most commonly present in the 3 rd to 6 th decades with slowly progressive leg weakness. Foot plantarflexion is often disproportionately affected, and examination can also reveal upper motor neuron signs. Neuromuscular MRI often reveals a distinct pattern, with atrophy of the posterior compartment of the leg and relative preservation of the anterolateral musculature.
HSPB1 and HSPB8 encode the HSP27 and HSP22 proteins, respectively. The proteins are members of the heat shock protein superfamily and are important in maintaining the integrity of the cytoskeleton and of microtubules.
14,20 If mutated, the proteins form aggregates, which can disrupt axonal function.
Treatment Updates in Hereditary Neuropathy
No effective pharmacological treatments for hereditary neuropathy have been identified to date. Successful preclinical trials in animal models have included those of HDAC6 inhibitors in HSPB1, 97 serine in HSAN1, 94 curcumin in CMT1B, 57 and ascorbic acid, 41 progesterone antagonists (particularly Lonaprisan), 98 and neurotrophin-3 14 in CMT1A. As discussed previously, large clinical trials of ascorbic acid in CMT1A were performed and showed no clinical benefit. One of the major problems encountered in these trials was the limited capability of currently available outcome measures to capture disease progression and likewise treatment response in CMT. The CMTNS, which was the primary outcome measure, was not able to detect significant progression in the placebo group over the 2-year trial period. 36 It is clear that new quantitative outcome measures are needed to effectively capture the slow progression of these conditions. Even in the absence of pharmacological treatment, much can be done to optimize the quality of life of patients with CMT. It is important that patients with muscle weakness or skeletal deformities work with a physical therapist, occupational therapist, and orthotist familiar with the disease. Simple devices such as ankle-foot orthotics can significantly impact a patient's ability to perform daily activities by improving ambulation and reducing pain. It is important to encourage patients to exercise. 99, 100 Finally, both neuropathic and musculoskeletal pain should be assessed and treated, including using medications for neuropathic pain when indicated. Early detection of the known complications of HN is critical. Patients with hip pain and back pain should be screened for hip dysplasia and scoliosis. In the context of certain specific mutations or in patients with severe disease, pulmonary function tests and swallowing studies should also be obtained. Sleep disorders are reported with a higher incidence in patients with CMT, and polysomnography should be considered if the history is suggestive of sleep apnea. 101 Hearing loss should be evaluated with audiology, and appropriate visual symptoms require a dilated funduscopic examination to look for optic atrophy. Regular podiatry evaluations are important for all patients with sensory nerve involvement or foot deformity. For foot and ankle deformities that are not easily corrected with bracing and other conservative measures, a prompt specialized orthopedic evaluation should be sought. In addition to pes cavus, patients with HN frequently develop inversion of the ankle (hindfoot varus), which can cause significant damage to the joint. The timing and nature of surgical intervention in such cases has not been standardized, and studies are ongoing to address this.
Summary
Hereditary neuropathies comprise a heterogeneous set of progressive conditions resulting in the degeneration of peripheral nerves. In recent years, the number of known causative mutations of HN has rapidly increased, and the phenotypic spectrum of individual mutations has broadened. It is noteworthy, however, that over 90% of identified pathogenic mutations of HN involve one of only four genes. Unifying biological mechanisms appear to underlie many forms of HN, and are the basis for ongoing studies aimed at identifying treatments. Through the increasing use of NGS, it has also become apparent that many forms of HN fall within a spectrum of diseases and overlap with other clinical entities including HSP, mitochondrial disease, and SMA. The flood of genetic information has made the diagnostic evaluation of HN more complex and has forced clinicians to reconsider traditional classification schemes. What remains essential is that genetic information be interpreted within the context of the patient's clinical history, examination, and electrophysiology. Despite the absence of a definitive treatment at this time, patients benefit tremendously from thoughtful multidisciplinary care.
